Abstract-The fate and effects of the pyrethroid insecticide lambda-cyhalothrin were compared in mesotrophic (macrophytedominated) and eutrophic (phytoplankton-dominated) ditch microcosms (ϳ0.5 m 3 ). Lambda-cyhalothrin was applied three times at one-week intervals at concentrations of 10, 25, 50, 100, and 250 ng/L. The rate of dissipation of lambda-cyhalothrin in the water column of the two types of test systems was similar. After 1 d, only 30% of the amount applied remained in the water phase. Initial, direct effects were observed primarily on arthropod taxa. The most sensitive species was the phantom midge (Chaoborus obscuripes). Threshold levels for slight and transient direct toxic effects were similar (10 ng/L) between types of test systems. At treatment levels of 25 ng/L and higher, apparent population and community responses occurred. At treatments of 100 and 250 ng/L, the rate of recovery of the macroinvertebrate community was lower in the macrophyte-dominated systems, primarily because of a prolonged decline of the amphipod Gammarus pulex. This species occurred at high densities only in the macrophyte-dominated enclosures. Indirect effects (e.g., increase of rotifers and microcrustaceans) were more pronounced in the plankton-dominated test systems, particularly at treatment levels of 25 ng/L and higher.
INTRODUCTION
Freshwater ecosystems in agricultural landscapes have the potential to be exposed to elevated levels of nutrients and plant-protection products, which may result in effects on nontarget organisms. To date, however, the relationship between nutrient status of the ecosystem and the fate and potential effects of plant-protection products have received little attention [1, 2] .
In the present study, we assessed the impacts of multiple applications of lambda-cyhalothrin, a pyrethroid insecticide, in meso-and eutrophic shallow freshwater ecosystems. These systems are characterized by macrophytes or phytoplankton, respectively, as the major primary producers. The present study comprised part of a larger program that examined the aquatic fate of lambda-cyhalothrin [3] , its toxicity to invertebrates in the laboratory [4] , and field responses of aquatic organisms in different system types and times of the year.
The pristine state of the majority of shallow freshwater ecosystems probably is characterized by relatively clear water and diverse aquatic macrophyte vegetation. When such systems experience increased nutrient loading, a shift occurs from clear to turbid water, and submerged macrophytes often are replaced by phytoplankton [5] . The structure and function of macrophyte-and plankton-dominated aquatic communities differ considerably. In macrophyte-dominated systems, aquatic vascular plants form the majority of the biomass and play an important role, providing the main microhabitat supporting other aquatic organisms (e.g., as a substrate for periphytic organisms and as a refuge for zooplankton and macroinver-tebrates). In addition, macrophytes influence several important physicochemical properties of their environment by their architecture (e.g., light interception) and metabolism (e.g., oxygen production). In contrast, plankton communities usually are less diverse and are characterized by a lower total biomass and shortened life cycles; consequently, higher turnover rates, higher concentrations of particulate organic particles, and dissolved organic matter may be present [5] , resulting in a more turbid water column. Conversely, water columns in macrophyte-dominated systems usually are more clear. These differences in structure and function of plankton-and macrophyte-dominated systems could, potentially, result in different responses to toxicant stresses. The potential for different types of aquatic ecosystems to respond in a different manner has been identified as a key question for the interpretation of microand mesocosm studies in pesticide regulation [6] .
Highly lipophilic, lambda-cyhalothrin binds rapidly and extensively to organic matter and other particles, resulting in rapid dissipation from the water column [7] [8] [9] . Results of single-species toxicity tests show that insect larvae and macrocrustacea are particularly sensitive [4, 10] . Extensive laboratory and field aquatic ecotoxicological studies of lambda-cyhalothrin have resulted in a well-established pattern of effects. Therefore, this compound was chosen to investigate potential impacts of plant-protection products in systems of differing trophic status.
Considering the differences in ecological structure and function of meso-and eutrophic shallow freshwaters and following application of similar treatment concentrations of lambda-cyhalothrin, our main goal was to investigate possible differences in direct and indirect effects of lambda-cyhalothrin (A) Species-sensitivity distribution curves of lambda-cyhalothrin showing the potentially affected fraction (PAF) of tested species based on acute effect/lethal concentration values at which 50% of tested population responded (EC50/LC50) for aquatic arthropods, aquatic vertebrates (mainly fish), and aquatic nonarthropod invertebrates available in the literature [31] . (B) Species-sensitivity distribution for arthropod taxa also observed in the field enclosures of the present study. Because toxicity values for nonarthropod invertebrates are scarce, it was considered to be more appropriate to plot the concentration range of their EC50/LC50 values. (Data after Schroer et al. [4] .) application macrophyte-and phytoplankton-dominated microcosms. Furthermore, we aimed to identify the ecological threshold level (the lowest observed concentration with significant, but slight and transient, effects on the aquatic community). Finally, we investigated whether the ability of affected populations and the total invertebrate community to recover from insecticide stress differed between the two types of systems.
MATERIALS AND METHODS

Test systems
Simultaneous treatments included a macrophyte-and plankton-dominated ditch system. The macrophyte-dominated ditch represented mesotrophic conditions, and the plankton-dominated ditch was typical of eutrophic conditions. Test systems consisted of polycarbonate, light-permeable cylinders, which are referred to here as enclosures (diameter, 1.05 m; height, 0.9 m). In each ditch system, 14 enclosures were pressed into the sediment (depth, 15 cm) and had the same water level as the ditch (0.5 m). Within each ditch, 12 enclosures were used for effect studies, with the remainder used for fate studies.
The dominant top predators in the enclosures were Zygoptera in the macrophyte-dominated enclosures and the dipteran Chaoborus obscuripes in the plankton-dominated test systems. Average macrophyte biomass (Ϯ standard deviation) in the macrophyte-dominated enclosures was 117 Ϯ 47 g/m 2 . No macrophytes occurred in the enclosures in the phytoplankton-dominated ditch. Average dissolved organic carbon concentrations were 8.8 and 17.8 mg/L for the macrophyte-and phytoplankton-dominated systems, respectively. The corresponding mean values were 4.9 and 14 mg/L, respectively, for total suspended solids and 58.47 Ϯ47.5 and 157.06 Ϯ 52.6 g/L, respectively, for chlorophyll a. So, the macrophyte-dominated systems were characterized by lower water concentrations of dissolved organic carbon, suspended solids, and phytoplankton chlorophyll a compared with the plankton-dominated systems. Enclosures in the phytoplankton-dominated ditch received weekly additions of KH 2 PO 4 and NH 4 NO 3 to achieve concentrations of 0.15 mg/L of P and 0.90 mg/L of N to maintain eutrophic conditions. Nutrient levels were monitored simultaneously with zooplankton and phytoplankton sampling. Further details of the characteristics of the systems have been described by Leistra et al. [3] .
Lambda-cyhalothrin applications and analyses
The formulated product KARATE with ZEON Technology (100 g/L of lambda-cyhalothrin as a capsule suspension; Syngenta, Basel, Switzerland) was applied three times at weekly intervals to the enclosures to achieve nominal lambda-cyhalothrin concentrations of 10, 25, 50, 100, and 250 ng/L (n ϭ 2 in each type of test system), and two enclosures were used as untreated controls. Randomly allocated treatments were made on May 16, 2001 , and the same treatments were repeated on May 23 and 30, 2001 . The treatment concentration of 250 ng/L was based on the concentration derived from The Netherlands' pesticide regulatory scenario of a 5% drift emission from a field application of 0.015 kg/ha of lambda-cyhalothrin into a ditch with a depth of 0.3 m. Laboratory toxicity data regarding standard and additional aquatic species (Fig. 1) indicated that an exposure concentration of 250 ng/L would have a significant impact on the arthropod community [4] . Application of 4 L of test solution per enclosure included gentle stirring so as not to disturb sediments or damage plants. The concentration of lambda-cyhalothrin in the well-mixed application solution was measured by taking a 2-ml sample for hexane extraction. To estimate the initial concentrations, the measured concentrations from the application solution were used. Further fate samples were taken only in the highestconcentration treatment (250 ng/L) at 1, 3, 6, 9, 24, 72, and 168 h after the first application. Sampling techniques and extraction methods have been described in detail by Leistra et al. [3] .
Macroinvertebrates
Macroinvertebrates were sampled from each enclosure on weeks Ϫ1, 1, 3, and 6 by means of litter bags and two types of artificial substrates (multiplates and pebble baskets) as described by Brock et al. [11] . In each system, two multiplates, two pebble baskets, and two litter bags were incubated. The multiplates and pebble baskets were gently retrieved using a net. This sampling method also collected the planktonic phantom midge (C. obscuripes). The macroinvertebrates present on both substrates and the litter bags were sorted by hand, identified to the lowest practical taxonomic level, counted, and then returned to the enclosures. Counted numbers of macroinvertebrates from artificial substrates and litter bags were pooled for further analysis.
Zooplankton
Zooplankton was sampled from each enclosure on weeks Ϫ1, 1, 2, 3, 4, and 6 using Perspex tube (length, 0.4 m; volume, 0.8 L; Vink Holding BV, Zeist, The Netherlands). Several subsamples were collected from across the enclosures until a 10-L sample had been obtained, from which 5 L were used for zooplankton analysis. The 5-L sample was concentrated by means of a plankton net (mesh size, 55 m; Hydrobios, Kiel, Germany) and was preserved with formalin (final volume, 4%). Cladocera and Rotifera were counted and identified to the lowest possible taxon. Copepods were counted and classified as calanoids and cyclopoids. Zooplankton abundances were adjusted to numbers of organisms per liter.
Bioassays
Two crustacean species (Asellus aquaticus and Daphnia pulex) and one insect species (C. obscuripes) were tested using in situ bioassays incubated in the enclosures. The aim of the bioassays was to measure acute effects of lambda-cyhalothrin on macroinvertebrate species and to assess the potential recovery of these species. The bioassay cages for Asellus and Chaoborus sp. were constructed from stainless-steel gauze (mesh size, 0.5 mm; length, 33 cm; diameter, 6 cm; volume, 930 cm 3 ). For the Daphnia bioassay, a glass container (water volume, 100 ml) sealed with 55-m gauze was used.
One month before dosage, the bioassay organisms were collected from experimental ditches and in field ditches near Wageningen (The Netherlands). The organisms were then stored in aquaria in the laboratory. Daphnia organisms were supplied as food to Chaoborus larvae. Populus x canadensis leaves were added to the Asellus aquaria for substrate and food, and algae from a stock culture were added to the Daphnia stocks. The Daphnia stocks were held in a 100-L aquarium and placed in one of the experimental ditches. Chaoborus larvae were maintained at 5ЊC to slow development and prevent emergence. One week before exposure, the organisms were placed in experimental ditches to acclimate them to experimental conditions, with bioassay organisms selected from aquaria. Twenty-five adult Asellus organisms (average size, 6.0 mm; standard deviation, 1.3 mm), 20 adult female Daphnia organisms (age, 7 d), and 30 fourth-instar Chaoborus larvae were placed in each bioassay cage.
Bioassays were performed in both enclosure experiments immediately after the first application of lambda-cyhalothrin to study direct effects of the doses applied (type 1) and after the last application for potential recovery (type 2). Acute exposures were used because of the rapid dissipation of lambdacyhalothrin from the water column. Chaoborus obscuripes and A. aquaticus were introduced on the day before application in the type 1 bioassays, whereas D. pulex was introduced on the day of application. The type 1 bioassays with C. obscuripes, A. aquaticus, and D. pulex were exposed for 6 d, and affected and unaffected individuals were counted at days 1, 2, 3, and 6 (except for D. pulex, which were not counted on day 3). In the type 2 bioassay, new bioassay cages containing C. obscuripes and A. aquaticus were introduced into the enclosure on days Ϫ1, 4, and 8 after the last application. Cages introduced on days Ϫ1 and 4 were studied after 4 d, and those introduced at day 8 were retrieved after 6 d. Bioassay endpoints were immobility and mortality. Daily movement was used to replenish water supply to the cages.
Primary producers
Phytoplankton was sampled simultaneously with zooplankton. Of the remaining 5-L sample from the original 10-L sample, a 1-L subsample was taken for chlorophyll a analysis and concentrated using a glass-fiber filter (GF52; mesh size, 1.2 m; Schleicher & Schuell, Dassel, Germany). Filters were stored in Petri dishes, wrapped in aluminum foil, and stored at Ϫ20ЊC for analysis. Analysis was performed using a spectrophotometer (DU-64; Beckman Instruments, Fullerton, CA, USA) following the method described by Moed and Hallegraeff [12] .
Glass slides (7.6 ϫ 2.6 cm) were used as an artificial substrate for periphyton. The slides were positioned vertically in a frame at a fixed depth of approximately 25 cm below the water surface. The substrates were introduced 15 or 16 d before the first application. Substrates were collected on days Ϫ1, 6, 13, 20, 27, and 41. Five glass slides were retrieved for each chlorophyll a analysis. The slides were brushed clean, and the removed periphyton were washed into a bottle with tap water. The chlorophyll a content of the sample was analyzed following the procedures described for phytoplankton.
The macrophyte-dominated ditch was inhabited primarily by Elodea nuttallii. At the end of the experiment, the total macrophyte biomass of the enclosures was harvested. The plant material harvested was rinsed to remove sediment particles, periphyton, and macroinvertebrates and then dried (105ЊC, 24 h) to obtain dry weight.
Community metabolism and decomposition
Measurements of dissolved oxygen, pH, conductivity, and alkalinity were performed eight times at weekly intervals starting two weeks before application of the pesticide. The dissolved oxygen was measured with a Wissenschaftich-Technische Werkstätte (WTW) Oxi330 oxygen meter (Weilheim, Germany) and oxygen probe at a depth of 10 cm. Conductivity and pH were measured with a WTW LF 191 conductivity meter and a WTW PH197 pH meter, respectively. Alkalinity was measured in 100-ml samples taken at a depth of 10 cm (titration with 0.05 N HCl until pH 4.2; WTW PH197 pH-meter).
Decomposition of particulate organic matter was studied by means of the litter bag technique [13] using P. x canadensis leaves. The Populus leaves were soaked three times for a period of 2 d to remove soluble humic compounds. To allow storage of this material, it was dried in an oven for 72 h at 60ЊC. In the decomposition measurements, 2 g dry weight of Populus leaves were enclosed in each litter bag, consisting of a glass Petri dish (diameter, 11.6 cm) closed with a cover of stainless-steel wire (mesh size, 0.7 ϫ 0.7 mm) in which two holes (0.5 cm) were punched to allow most invertebrates to enter. In each enclosure, two litter bags were incubated at the sediment surface for a period of two weeks and replaced when sampled. At the end of each two-week incubation period, retrieved litter bags were gently washed in the overlying water of the enclosure to remove adhering sediment particles and then emptied into a white tray for separation of the particulate organic matter and the macroinvertebrates. The organic plant material was dried in aluminum foil at 105ЊC for 24 h to obtain dry weight. The decomposition over a two-week period was expressed as the percentage of remaining organic material.
Data analysis
Before analysis, the macroinvertebrate data were ln(2x ϩ 1) transformed and the zooplankton data (ln10x ϩ 1) transformed, where x is the abundance value. This was done to down-weight high abundance values and approximate a lognormal distribution of the data (for rationale, see Van den Brink et al. [14] ). No-observed-effect concentration (NOEC) calculations at the parameter or taxon level were derived using the Williams test (analysis of variance) [15] . This test assumes that the mean response of the variable is a monotonic function of the treatment, thus leading to the expectation of increasing effects with increasing dose. The analyses were performed with the Community Analysis computer program [16] , resulting in a summary of NOECs for each sampling week for the data analyzed. The threshold level for p was 0.05 for all statistical analyses.
The effects of the lambda-cyhalothrin treatment at the community level of zooplankton and macroinvertebrates were analyzed by the principal response curves (PRC) method, which is based on the redundancy analysis ordination technique, the constrained form of principal component analysis [17] . The PRC method yields a diagram showing the deviations in time of the treatments compared to the controls. The PRC analysis was performed using the CANOCO software package, version 4.02 [18] . The results of the PRC analysis also can be evaluated in terms of the fractions of variance explained by the factors time and treatment, and the fraction of the variance that is explained by treatment is shown in the PRC diagram. In the CANOCO computer program, redundancy analysis is accompanied by Monte Carlo permutation tests to assess the statistical significance of the effects of the explanatory variables on the species composition of the samples [19] .
The significance of the PRC diagram in terms of displayed treatment variance was tested by Monte Carlo permutation of the enclosures (i.e., by permuting whole time series of microcosms in the partial redundancy analysis from which PRC is obtained), using an F-type test statistic based on the eigenvalue of the component [17] .
Monte Carlo permutation tests also were performed for each sampling date, using the ln-transformed intended doses as the explanatory variable [19] , thus allowing the significance of the treatment regime to be tested for each sampling date. If a significant relation between treatment regime and species composition was found, then treatment levels differing significantly from the controls were determined to infer NOECs at the community level (NOEC community ). Calculations of the NOEC community were performed by applying the Williams test [17, 19] .
In addition to analysis of the significance of treatment regime, Monte Carlo permutation tests were further performed to test whether the communities differed significantly between system structure (macrophyte-vs phytoplankton-dominated) and interaction effects. Treatment was tested for each sampling date by introducing ln-transformed treatment levels as explanatory variables and nominal variables denoting system structure plus its interaction with treatment as covariables. Interaction was tested by entering the interaction between system structure and treatment as explanatory variables and lntransformed treatment levels and the nominal variable denoting system structure individually as covariables. A more detailed description of permutation tests for multifactorial analysis of variance has been provided by Anderson and Ter Braak [20] .
RESULTS
Fate of lambda-cyhalothrin
Measured concentrations in the solutions applied to the test systems varied between 93 and 113% of the target concentration ( Table 1 ). The dissipation of lambda-cyhalothrin from the water phase was very similar between ditches, as is shown in Figure 2 . After 1 d, more than 70% had dissipated from the water column in both the macrophyte-dominated and the phytoplankton-dominated enclosures. None of the lambda-cyhalothrin applied in the water column was recovered from sediment samples (all samples were less than the detection limit; see Leistra et al. [3] for more details).
Macroinvertebrates
A total of 64 different macroinvertebrate taxa were identified in the enclosures, with 55 occurring in the macrophytedominated systems and 49 in the plankton-dominated systems. Most of these taxa, however, were present at low abundance or only occurred periodically. The macrophyte-dominated ditch enclosures were characterized by snails (e.g., Armiger cristata), Nematocera (e.g., C. obscuripes), amphipods (Gammarus pulex), isopods (Asellus aquaticus), Ephemeroptera (e.g., Cloeon dipterum), bivalves (Pisidium sp.), and Tubellaria (Polycelis niger/tenuis and Mesostoma sp.).
The community in the enclosures in the phytoplanktondominated ditch was characterized by nematocerans (Chaoborus obscuripes and chironomids), Ephemeroptera (e.g., Cloeon dipterum and Caenis sp.), snails (e.g., Bythinia tentaculata), and Oligochaeta (not identified to the species level apart from Dero sp. and Stylaria lacustris), whereas amphipods (G. pulex), isopods (A. aquaticus and Proasellus coxalis/ meridianus), tubellarians (Polycelis niger/tenuis), and the leech (Erpobdella octoculata) occurred only at low numbers.
Multivariate analysis of the macroinvertebrate community of both the macrophyte-and phytoplankton-dominated enclosures revealed clear, but different, concentration-effect re-Environ. Toxicol. Chem. 24, 2005 I. Roessink et al. sponses (Fig. 3) . Figure 3A (macrophyte-dominated system) indicates that compared to the controls, the largest deviations in species composition occurred in the 250 ng/L treatment. Only small deviations were found in the 10 and 25 ng/L treatments. Figure 3B (phytoplankton-dominated system) indicates that compared to controls, the largest deviation occurred in the 100 and 250 ng/L treatment, whereas only small deviations were observed in the 10 ng/L treatment. The species weights (b k ) shown on the right-hand side of the diagram can be interpreted as the affinity of each species with the response in the diagrams. For example, in Figure 3A , G. pulex (highest positive weight) is indicated to have decreased most at the higher treatment levels, whereas the weights for Lymnaea stagnalis (highest negative weight) indicate that its numbers have increased in the higher treatments. In the macrophytedominated systems, G. pulex and Chaoborus obscuripes showed the most pronounced treatment-related responses. In the phytoplankton-dominated enclosures, this was the case for C. obscuripes and Caenis horaria. These test systems G. pulex had a lower b k score because of its very low abundance, whereas its densities were high in the presence of macrophytes. Similarly, the different b k scores for C. horaria in the two test systems also can be explained by differences in abundance.
Caenis horaria occurred at higher densities in the phytoplankton-dominated test systems. In both types of test systems, treatment-related responses predominantly comprised effects on arthropods.
In the macrophyte-and phytoplankton-dominated systems, 35 and 31%, respectively, of the total amount of variance was explained by time, and 35% and 40%, respectively, was explained by treatment. In both types of test system, the lowest community NOEC (Ͻ10 ng/L) was observed on the first sampling day after treatment (Table 2 ). It appears that the macroinvertebrate community structure differed significantly between test systems on all sampling dates ( Table 3) .
The changes in abundance of the three species with high weights in the PRC diagram are presented in Figure 4 . Of these species, Chaoborus obscuripes was abundant in both systems, whereas G. pulex and Caenis horaria predominantly occurred in the macrophyte-and phytoplankton-dominated enclosures, respectively. In the macrophyte-dominated system, the lowest NOEC observed for Chaoborus sp. was 10 ng/L on days 9 and 22, whereas it was less than 10 ng/L in the plankton-dominated systems on day 9. In the macrophyte-dominated systems, G. pulex showed a clear decline, without recovery, in the two highest treatments. The lowest NOEC observed for G. pulex was 25 ng/L on day 22. In the phytoplankton-dominated enclosures, Caenis horaria showed a pro- nounced decline during the treatment period. The lowest NOEC observed for C. horaria was 10 ng/L on day 22. The persistent effect on the G. pulex population (Fig. 4B ) in the 250 ng/L enclosures of the macrophyte-dominated test systems also was reflected in the PRC diagram (Fig. 3A) . In the phytoplankton-dominated systems, G. pulex was not abundant, and the PRC was consistent with the response of Chaoborus obscuripes (Fig. 4C) .
Zooplankton
Thirty-nine distinct zooplankton taxa were identified, with 34 occurring in the phytoplankton-dominated and 35 in the macrophyte-dominated systems. In decreasing order of abundance, the communities of both types of enclosures were dominated by rotifers (mainly Keratella cochlearis, K. quadrata, and Anureopsis fissa), cyclopoid Copepoda, nematocerans (C. obscuripes), and Cladocera (D. galeata).
Multivariate analysis of the zooplankton community of both systems did not show a clear treatment-related response (Fig.  5) . The percentage of the total amount of variance in the zooplankton data that is explained by treatment was 19 and 29%, respectively, for the macrophyte-dominated and phytoplankton-dominated systems, and 63 and 44%, respectively, of the total amount of variance was explained by time. In the macrophyte-dominated test systems, Monte Carlo permutation tests revealed significant differences (p Ͻ 0.05) in zooplankton community composition between enclosures at day 20 only. On this day, the calculated NOEC for the zooplankton community was 25 ng/L. For the phytoplankton-dominated enclosures, Monte Carlo permutation tests revealed significant differences (p Ͻ 0.05) in zooplankton communities on days 13, 20, and 28. A NOEC community , however, could only be calculated at day 20 (Ͻ10 ng/L) ( Table 4) .
The zooplankton community differed significantly between test systems on all sampling dates (Table 5 ). However, both treatment regime and interaction between treatment and zooplankton community structure showed a significant effect at sampling day 20 only. On this date, a treatment-related effect to which the zooplankton communities in the macrophytedominated and phytoplankton-dominated test systems responded differently was observed.
Nauplii larvae (Copepoda) showed a significant treatmentrelated decline in the macrophyte-dominated enclosures on at least two consecutive sampling days (Fig. 6A) . In the phy- toplankton-dominated enclosures, the response was reversed (Fig. 6D) , with nauplii being least abundant in the controls. A significant increase in abundance also was observed for Lecane lunaris in the macrophyte-dominated systems (Fig.  6B ) and for K. quadrata in the phytoplankton-dominated systems (Fig. 6E ) on days 13 and 20. In both types of test systems, relatively low numbers of Cladocera were found in the controls ( Fig. 6C and F) .
Bioassays with invertebrates
Chaoborus sp. showed a distinct, treatment-related response in the bioassays that were incubated in both types of test systems, with the maximum response occurring on day 1 (Fig. 7A and D) . In accordance with the observed decline of the population living in the enclosure (Fig. 4) , the lowest NOEC was 10 ng/L or less. In the phytoplankton-dominated systems, the sensitivity of caged Chaoborus sp. was somewhat less than that in the macrophyte-dominated test systems (in contrast to the observed NOEC values of the free-living population in the enclosure).
Because of the low abundance of Asellus aquaticus and D. pulex in the enclosures, comparisons of bioassay responses to population-level effects were limited. Asellus aquaticus showed a clear treatment-related response in the in situ bioassays for both types of test systems (Fig. 7B and E) . The maximum effect occurred on day 2, with a calculated NOEC of 25 ng/L in both systems. The results of the bioassays performed with D. pulex differed considerably between test systems ( Fig. 7C and F) . In the phytoplankton-dominated enclosures, a treatment-related response was observed, with effects gradually increasing with time and a calculated NOEC of 25 ng/L. In the macrophyte-dominated systems, numbers of Daphnia sp. declined in all test systems, including controls, because of aggressive predation by the microtubellarian Mesostoma sp. In fact, Mesostoma sp. predominantly occurred in the macrophyte-dominated test systems.
During the posttreatment period, in situ bioassays were performed with C. obscuripes and A. aquaticus to assess the recovery potential of invertebrates. Chaoborus obscuripes showed a clear, treatment-related response (Fig. 8A and C) . In a manner similar to the responses observed in the freeliving population in the enclosures (Fig. 4) , the rate of recovery potential increased with decreasing treatment levels. In addition, potential recovery of Chaoborus sp. was faster in the phytoplankton-dominated than in the macrophyte-dominated systems (NOEC, 25 vs 10 ng/L at day 24), suggesting a faster dissipation of lambda-cyhalothrin in the cages incubated in the plankton-dominated systems. Responses of A. aquaticus were similar between test systems (Fig. 8B and D) . Again, the rate of potential recovery increased with decreasing treatment lev-Environ. Toxicol. Chem. 24, 2005 I. Roessink et al. els, and the time to potential recovery was shorter in the phytoplankton-dominated test systems (Fig. 8) .
Responses of primary producers
Primary producers in the enclosures included phytoplankton (assessed as chlorophyll a), macrophytes (assessed as dry wt biomass), and periphyton (assessed as chlorophyll a). Phytoplankton responses in the macrophyte-and phytoplanktondominated enclosures are presented in Figure 9A and B. The chlorophyll a concentrations were lower in the macrophytedominated systems, with no apparent treatment-related effects observed. Although not significantly different, chlorophyll a concentrations in the control and 250 ng/L treatment tended to be higher at the end of the experimental period than those of the intermediate treatments in the phytoplankton-dominated systems. Significant treatment-related effects on macrophyte biomass were absent, as were treatment-related effects for periphyton chlorophyll a on artificial substrates.
Community metabolism and decomposition
Measured community metabolism parameters (e.g., dissolved oxygen, pH, and decomposition) did not show any treatment-related effects. The residual dry weight of the Populus leaves in the litter bags amounted to approximately 68 and 72% in the macrophyte-dominated and phytoplankton-dominated enclosures, respectively.
DISCUSSION
Exposure and direct effects
The community structure of the two types of test systems used in this experiment (a mesotrophic macrophyte-dominated and a eutrophic phytoplankton-dominated ecosystem) differed mainly in macrophyte biomass (117 vs 0 g/m 2 ), phytoplankton densities (58 vs 157 mg/L of chlorophyll a), and invertebrate community composition (Figs. 3 and 5 and Tables 3 and 5) . Despite these differences in community structure, the direct effects of lambda-cyhalothrin application on similar arthropod taxa (e.g., Chaoborus) were similar between test systems. This comparability is explained by the similarity of exposure regimes (Fig. 2) . A priori, it was postulated that the dissipation of lambda-cyhalothrin from the water phase might be faster in the presence of macrophytes, because in other experiments increased dissipation rates were demonstrated with increasing plant densities [3] . In addition, studies with other hydrophobic insecticides have demonstrated faster dissipation in macrophyte-dominated test systems [21] , and effective retention of such insecticides occurs in constructed wetlands [22] . We found that lambda-cyhalothrin dissipated at rapid and equivalent rates from both the phytoplankton-dominated enclosures (with no macrophytes) and the macrophyte-dominated enclosures. Apparently, the higher densities of algae and suspended particles in the water column of the phytoplankton-dominated systems provided enough sorption surface to generate an equally fast dissipation rate of lambda-cyhalothrin from the water phase compared to the macrophyte-dominated systems. The sorption to algae and suspended matter would be expected to be extensive given the lipophilic and adsorptive properties of lambda-cyhalothrin [7] [8] [9] .
In both types of test systems, initial direct effects were predominantly observed on arthropod populations of the macroinvertebrate assemblages. These direct effects were consistent with the laboratory toxicity data reported by Schroer et al. [4] for the same taxa. This indicates that similar arthropod species studied in both the laboratory and the field showed a similar short-term sensitivity at similar exposure concentrations. Other studies also have suggested that acute toxicity data of insecticides, as measured in laboratory single-species toxicity tests, can be extrapolated to populations of the same species under similar exposure conditions in the field [23] [24] [25] [26] . Similar toxicity data between the laboratory and field for the rapidly dissipating insecticide lambda-cyhalothrin may be explained by the fact that symptoms of toxicity occur within a few hours after exposure [27] .
Relationships between direct and indirect effects
In both types of test systems, indirect effects of treatment with lambda-cyhalothrin were observed. Table 6 illustrates the treatment-related responses by using the effect classes described by Brock et al. [28] . It appears that even at the lowest concentration tested (10 ng/L), the slight direct effects on insects (mainly Chaoborus sp.) also resulted in transient indirect effects on microcrustaceans and rotifers. These indirect effects on microcrustaceans and rotifers in the zooplankton were more pronounced in the phytoplankton-dominated than in the macrophyte-dominated systems. This suggests that in the phytoplankton-dominated systems, C. obscuripes plays a more significant role as key species in the top-down control of the zooplankton community. For example, the pronounced increase of nauplii in all treated phytoplankton-dominated enclosures (Fig. 6D) can be explained by reduction of Chaoborus sp. A similar response of nauplii, however, was not observed in the macrophyte-dominated systems. The reason for the differing nauplii response between test systems also might be explained by differences in species composition. Nauplii were not identified to the species level, and nauplii in the macrophyte-dominated systems possibly belonged to a more sensitive species than did those from the phytoplankton-dominated systems.
In the phytoplankton-dominated systems, a trend of higher phytoplankton densities was observed at the control and highest concentrations but not at intermediate levels, which might be explained by food-web interactions. In the control test systems, cladocerans are extensively predated by C. obscuripes (explaining low Daphnia abundance and high phytoplankton densities), whereas this very sensitive predator was temporarily eliminated by the insecticide in all other treatments. The highest treatment concentration (250 ng/L) was lethal to cla-I. Roessink et al. [28] ). 1 ϭ no effect; 2 ϭ slight effect; 3 ϭ apparent short-term effects, full recovery observed (four to eight weeks); 4 ϭ apparent effects, no full recovery observed at the end of the experiment; ↑ ϭ increase; ↓ ϭ decrease; ↑↓ ϭ increase and decrease on species and/or sampling date; PCR ϭ principal response curve. b Low abundance of free-living population. c Trend of an increase.
docerans, also reducing their numbers. In the intermediate treatments, cladocerans suffered neither from predation nor from insecticide stress. Consequently, grazing pressure on phytoplankton was greatest in these treatments, causing lower phytoplankton densities.
In the macrophyte-dominated enclosures, the pronounced effects on the shredder G. pulex did not result in apparent indirect effects on other detritivores or on breakdown of Populus leaves in the decomposition assay. Abundant organic material in the top layer of the sediment most probably eliminated this as a limiting factor in the competition between detritivore populations.
Recovery of affected populations and communities
One advantage of field enclosure testing is the ability to provide information regarding population and community recovery. Community effects observed in the mesotrophic macrophyte-dominated enclosures were longer-lasting than those in the enclosures of the eutrophic ditch ( Fig. 3A and B) . This difference can be explained by differences in recovery potential of a few affected populations (e.g., G. pulex) between the two types of test systems. Our in situ bioassays allow a distinction to be made between potential and actual recovery. Potential recovery is defined as the decline of lambda-cyhalothrin to a concentration at which it no longer has adverse effects on sensitive arthropods. The bioassays revealed that potential recovery of even the most sensitive invertebrate in the present study (Chaoborus sp.) occurred 4 d after application of the lowest dose (10 ng/L) and 8 d after application of treatments up to 50 ng/L. However, the abundance of the Chaoborus population in 10 and 50 ng/L treatments did not differ from controls after 23 and 44 d, respectively (Fig. 4C) . This indicates that even for a multivoltine and mobile insect, actual recovery takes more time than potential recovery. It is evident that the time difference between potential and actual recovery will be much larger in isolated test systems for species with a low dispersal potential, such as Gammarus sp. In our test systems, complete recovery of G. pulex was not observed, whereas multivoltine insects (e.g., C. obscuripes) recovered (Fig. 4) . In previous studies, it also has been demonstrated that in isolated insecticide-stressed mesocosms, G. pulex showed a slow rate of recovery [19] . This species lacks insensitive aquatic life-stages (e.g., resting eggs) and does not actively recolonize isolated aquatic systems via transport over land or via air. Several other model ecosystem studies with nonpersistent insecticides have shown rapid recovery of affected populations when the generation time of the population is short and a ready supply of propagules of affected populations exists [19, 29, 30] .
The present study also revealed that some indirect effects (e.g., increased nauplii in the plankton-dominated system) (Fig. 6D ) may persist longer than the direct effects that caused these indirect effects (e.g., decline in C. obscuripes) (Fig. 4C) .
Extrapolation of responses
Despite observed differences in indirect effects and recovery of affected populations at higher concentrations between test systems, ecological impacts at the lowest treatment levels were very similar. At 10 ng/L, slight and transient deviations in the abundances of only a few species were observed in both the macrophyte-and phytoplankton-dominated systems. These results suggest a threshold effect concentration of slightly less than 10 ng/L, above which direct effects are observed. At concentrations of 25 and 50 ng/L, the overall direct effects observed in arthropod populations were similar, and recovery occurred rapidly in both types of test systems despite some differences in magnitude and duration of indirect effects (see, e.g., population increases in Table 6 ). Concentrations greater Lambda-cyhalothrin effects in cosms of unequal trophic status Environ. Toxicol. Chem. 24, 2005 1695 than 50 ng/L resulted in long-term adverse effects on macrocrustaceans. Overall, the present results generally are consistent with those reported elsewhere for lambda-cyhalothrin [31] [32] [33] [34] .
CONCLUSION
Repeated applications of lambda-cyhalothrin to mesotrophic macrophyte-dominated and eutrophic phytoplanktondominated systems resulted in a similar short-term exposure profile. Direct effects on sensitive arthropods were consistent with short-term laboratory toxicity data of the same species. No major differences were found in threshold levels for direct effects observed between the different test systems. The differences that were observed primarily concerned rate of recovery and indirect effects at higher exposure levels.
